Introduction
A large amplitude oscillatory shear (LAOS) flow has been proved to be an effective tool for characterizing the nonlinear viscoelasticity of complex fluids [1, 2] , because the Weissenberg number and the Deborah number can be varied independently [3] . In the dynamic viscoelastic behavior of polymeric liquids, the first report on this topic was published by Philippoff in the middle of 1950's [4] . After Philippoff, numerous studies on the nonlinear behavior have been carried out theoretically and experimentally for a wide variety of materials including polymer solutions [5−8] , polymer melts [9, 10] , suspensions [11−13] , emulsions [14, 15] and gels [16−20] .
During the past several decades, experimental methods called strain-sweep test and sinusoidal waveform test have generally been used to investigate the LAOS behavior of complex materials. In strain-sweep test, a sinusoidal deformation (strain) is applied to a viscoelastic material at a fixed angular frequency and the strain amplitude is increased successively. Dynamic viscoelastic functions including storage modulus and dynamic viscosity are obtained from this test. One of the most important another reasons to perform strain-sweep test is to determine the strain limits of linear viscoelastic response prior to conducting other rheological measurements such as frequency-sweep test, creep and stress relaxation test [21, 22] .
On the other hand, a periodic strain is imposed to a viscoelastic material at an arbitrary angular frequency and strain amplitude in sinusoidal waveform test. The sinusoidal stress waveform is detected with time as the material' s response. † In the case of LAOS flow, due to the difficulties involved in the analysis of non-sinusoidal stress responses and nonelliptical stress-strain loops, Fourier transform analysis has been suggested as an attractive means to interpret a nonlinear viscoelastic behavior [23, 24] .
A strain-sweep test is the simplest experimental method to evaluate the LAOS behavior of viscoelastic materials. Using this test method, the strain amplitude dependence of dynamic viscoelastic functions and the strain limits of linear viscoelastic response can be estimated. Although it is an approximate method to analyze the LAOS behavior, much useful information as to a nonlinear viscoelastic behavior is obtainable more easily than Fourier transform analysis [25] .
It was reported that both of the dynamic viscosity and dynamic storage modulus are decreased as an increase in strain amplitude, with the latter showing a much larger decrease. The relative decrease in both functions was found to be only slightly dependent on the frequency of oscillation [26] . The effect of angular frequency on the strain limits of linear viscoelastic response to recognize the linearity between stress and strain has also been discussed in the past. Philippoff [27] reported that, up to approximately 100% strain amplitude, the dynamic viscosity remains unchanged and that the limit of linear viscoelastic response for the dynamic viscosity shows a small dependence upon frequency.
Through an investigation of the nonlinear viscoelastic behavior of polymer melts, Yen and McIntire [28] reported that the limit of linear viscoelasticity is mainly dependent on strain amplitude and relatively independent of rate of strain and that the deviation from the limit of linear viscoelastic behavior begins to occur at smaller strain amplitude for storage modulus than for dynamic viscosity.
When a polymeric system is removed from its equilibrium configuration, it no longer obeys the Boltzmann superposition principle, and this makes the description of its behavior more complicated. In particular, it is not enough to know how it behaves under one set of conditions in order to be able to predict how it will behave under other conditions. The material's response is now dependent on the size, the rate and the kinematics of the deformation [29] . As a result, there exists no universal equation of state (or constitutive equation) to replace the Boltzmann superposition principle which is valid only within a linear viscoelastic region. The material characterization thus becomes extremely laborious since one needs to determine how the material will behave under many other different conditions [30] .
In the present study, a new analysis method including a simple empirical model was proposed to predict the LAOS flow behavior of viscoelastic polymer systems in strainsweep rheometry, and then its applicability was thoroughly examined by comparing with the experimentally obtained results. Using a well-known strain-controlled rheometer (ARES), the dynamic viscoelastic behavior of aqueous poly(ethylene oxide) (PEO) solutions with various molecular weights and different concentrations has been investigated over a wide range of strain amplitudes. The strain limits of linear viscoelastic response and the nonlinear behavior indices representing the degree of nonlinearity were determined from the model parameters. In addition, the effects of angular frequency and characteristic time on these values were discussed in detail.
Experimental

Preparation of Polymer Solutions
The polymers selected in this study were poly(ethylene oxide) (PEO) supplied from the Sigma-Aldrich Chemical Co. (USA). Distilled water was used as a solvent for PEO to prepare the sample polymer solutions with different concentrations. Table 1 outlines the specifications of polymer solutions used in this study.
PEO solutions were chosen since their viscometric and viscoelastic functions can be varied from a nearly Newtonian to an extremely nonlinear behavior. Other advantages of these systems are that only very low concentrations are required in order to achieve a dramatic viscoelastic effect and that PEO solutions form an interesting model system because of their linear chain structure [31, 32] .
High molecular weight PEOs have been widely used in chemical technology, agricultural engineering, medical, and food industries due to their aqueous solubility, high gelation ability, and low toxicity [33] . They are also used as a thickening, flocculating, or suspending agent in pharmaceutical and cosmetic industries. Their application as a controlled-release drug delivery system has recently attracted a particular concern among pharmaceutical scientists and engineers [34] .
The solubility of PEO in water is attributed to the hydrogen bonding between water molecules and the oxygen on the polymer backbone [35] . PEO in water behaves as a flexible polymer with a relatively large hydrodynamic diameter, compared with that in organic solvents [36] .
Polyesters such as PEO are subject to oxidative attract, leading to a degradation of the polymer. The viscosity of aqueous solutions may decrease as a result of two types of polymer degradation. The polymer may be oxidized in solution or in storage and can be degraded by mechanical action during the preparation of the solution. An increase in stirring speed may result in lower limiting molecular weight and an increase in the rate of degradation.
Georgelos and Torkelson [37] prepared dilute PEO solutions in the following manner: An appropriate amount of polymer was added to a clean volumeter and distilled water was added to the marked level. The solution was then gently shaken, sealed tightly, encased in an aluminum foil and placed in a dark room. However, this method requires a very long time to prepare concentrated polymer solutions.
In this study, therefore, the following procedure was adopted to reduce the preparation time of concentrated PEO solutions: Prior to solution preparation, the PEO samples were dried under vacuum over 1 or 2 days at room temperature. The solutions used in this study were prepared by dispersing the polymer at 60 o C into two-thirds of the solvent volume under slow mixing condition. The remaining solvent was then added and the temperature was reduced to room temperature. This method capitalizes on the fact that the PEO, which is insoluble at 60 o C, disperses well at this higher temperature. This method of solution preparation reduced the mixing time from weeks to days.
The viscosity of the solution was monitored as a function of time to determine when the solution becomes homogeneous. The solution was taken to be completely homogeneous when the steady shear viscosity varies less than 1% over a threeday period. Further periodic monitoring of the solutions was performed to check for degradation. It was observed that the solutions remain stable for approximately 4 weeks and hence all experiments were conducted during this period.
The slope of the zero-shear viscosity against the product of polymer concentration and intrinsic viscosity was found to be about 4.0. This indicates that the PEO solutions used in this study can be regarded as a concentrated polymer system.
Rheological Measurements
Using a well-known strain-controlled rheometer (Advanced Rheometric Expansion System (ARES)), the dynamic viscoelastic behavior of prepared polymer solutions was investigated over a wide range of strain amplitudes at several fixed angular frequencies. The cone-and-plate fixture with a radius of R=25 mm and a cone angle of β=0.04 rad was chosen as a test geometry. The distance between the truncated cone and plate was always kept constant at H=0.05 mm during the test. All experiments were performed at an isothermal condition of T=20 o C. A strain-sweep test method was used to clarify the strain amplitude dependence of the storage modulus and dynamic viscosity. In this method, a sinusoidal shear strain γ=γ 0 sinωt with a constant angular frequency ω and the strain amplitude γ=γ 0 (t) increasing with time was applied to the sample polymer solutions and then the stress response was detected with time. The strain amplitude γ 0 was increased from 0.25 to 1000% with a logarithmically increasing scale at six fixed angular frequencies of ω=0.05, 0.1, 0.5, 1, 5, and 10 rad/s. Each measurement was performed by placing a film of silicone oil at the sample free surface to reduce an evaporation effect during the test. Figure 1 and Figure 2 show the strain dependence of the storage modulus G'(ω, γ 0 ) and dynamic viscosity η'(ω, γ 0 ) for 9 wt% aqueous PEO ( Mw=6×10 5 ) solution at several fixed angular frequencies. At relatively small strain amplitudes, G'(ω, γ 0 ) shows a stronger dependence on the strain amplitude and demonstrates a nonlinear behavior at a smaller strain amplitude than does η'(ω, γ 0 ). This nonlinear viscoelastic behavior of polymer solutions is similar to those of the previously reported results [5, 6] . According to the previous studies [6, 23, 24] , it has been known that the storage modulus and dynamic viscosity accepted by a strain-sweep test are very analogous to the 1st harmonic terms calculated by the Fourier transform analysis of the stress response. Therefore, some basic material functions describing the nonlinear viscoelastic behavior in LAOS flow fields can be simply obtained from the experimental results of a strain-sweep test.
Results and Discussion
Empirical Models
As shown in Figure 1 and Figure 2 , both of the storage modulus and dynamic viscosity are independent of strain amplitude within a linear viscoelastic region. As the strain amplitude is increased, however, the dynamic response becomes a function of strain amplitude. In order to analyze such a nonlinear viscoelastic behavior in LAOS flow, we would like to propose the following empirical models in this study:
where G'(ω) is the linear storage modulus and η'(ω) is the linear dynamic viscosity. The parameter a represents the reciprocal of the strain amplitude on which the tangents of constant modulus (or viscosity) and nonlinear regions are intersected. The parameter b describes the transition region between the linear and nonlinear region. n E and n V express the slopes of storage modulus and dynamic viscosity, respectively, in a nonlinear region.
Using a nonlinear regression method, the model parameters were determined from the experimentally obtained data. The results of regression analysis have shown that the determination coefficient is above 0.9 and P value in ANOVA is below 0.05 for all cases. This means that these models are significant in 95% confidence level. The solid lines in Figure 1 and Figure  2 represent the regression line. It is well understood that the predicted data describe exactly the experimentally observed nonlinear behavior over a whole range of strain amplitudes tested. From these results, it can be concluded that the empirical models suggested in this work have a good ability for the analysis of LAOS behavior investigated in strainsweep tests.
The parameter a can be used to determine the strain limit which represents a critical strain amplitude of linear viscoelastic response. In some cases, however, a same strain limit can be accepted although the degrees of nonlinear viscoelasticity are different. Moreover, from the results of hypotheses test, it was known that the model parameters a and b cannot reject the hypotheses (H 0 : a=a 0 , b=b 0 ) in some case. This implies that the parameters a and b have no significant physical meanings. For these reasons, the elastic and viscous strain limits, γ EL and γ VL , were calculated from the strain amplitude range in which the storage modulus and dynamic viscosity have fallen 10% below their linear counterparts, G'(ω) and η'(ω), respectively. The values of n E and n V determined from the empirical models are used as the elastic and viscous nonlinear behavior indices, respectively, representing the degree of nonlinear viscoelasticity of polymer solutions.
Using this analysis method, the strain limits and nonlinear behavior indices were determined for aqueous PEO solutions with various molecular weights and different concentrations. The master curves could be obtained by plotting these data against the product of angular frequency by characteristic time of the polymer solutions. The characteristic times were determined by the following equation derived from the FENE(finitely extensible nonlinear elastic) dumbbell model [38] . (3) where λ is the characteristic time (s), η 0 is the zero-shear viscosity of polymer solution (P), η s is the viscosity of solvent (P), ρ is the density of polymer solution (g/cm 3 ), c is the concentration (wt%), M is the molecular weight (g/ mol), T is the absolute temperature (K), and R is the gas constant (=8.314 J/K·mol). The characteristic times of aqueous PEO solutions used in this study are summarized in Table 1 .
Strain Limits of Linear Viscoelastic Response
A determination of the strain limits of linear viscoelastic response has long been an important subject because the response of a material can be described by the classical theory of linear viscoelasticity within these strain limits. The effect of frequency on these critical strain values becomes another significant theme that should be discussed particularly when the LAOS flow behavior is concerned. As a starting point on this topic, Gross and Maxwell [39] attempted to estimate the strain limits of linear viscoelastic response in polymer melts. They reported that the strain limit is nearly a constant with varying frequency and this behavior can be predicted by the Tanner's network rupture theory [40] . According to the Bird-Carreau theory [41] , however, the strain limit times the frequency will be a constant as the frequency is varied. This means that the strain limit of linear viscoelastic response becomes inversely proportional to the angular frequency [42] .
On the other hand, Astarita and Jongschaap [43] showed that the strain limit is increased with decreasing frequency at very low frequencies while it becomes constant at high frequencies. They explained this behavior using the Coleman and Noll's simple fluid theory [44] , and predicted that the strain limit is dependent of frequency at lower frequency range than the inverse of the characteristic time of polymeric liquids [45] .
In order to elucidate the effect of frequency on strain limits under many different conditions such as molecular weight and concentration, the master curves were obtained in this work by representing the strain limits against the product of angular frequency by characteristic time, ωλ. Figure 3 and Figure 4 show the effect of ωλ on the elastic strain limit γ EL and the viscous strain limit γ VL , respectively. The strain limits, γ EL and γ VL , are found to be independent of ωλ at higher range and the constant values are approximately 0.6 and 1.4, respectively. However, these strain limits are increased with decreasing ωλ at lower range. The critical value at which the strain limits are no longer linear is estimated to be about ωλ≈1. This is similar to the result reported by Astarita and Jongschaap [43] .
Such a tendency of strain limits against frequency can be explained by a response time of polymeric liquids to stimulus. At low frequencies (or ωλ<1), all structural mechanisms of response are able to respond to stimulus, and thus larger strain limits might be expected as the frequency is decreased. In contrast, only the ideal elastic mechanisms of structural distortion have a time to respond at high frequencies (or ωλ>1), and hence the strain limits become independent of frequency.
Therefore, the effect of ωλ on the strain limits was predicted by an inverse first order function in this work. The regression results are plotted as solid lines in Figure 3 and Figure 4 . It is well understood that the predicted data can exactly describe the strain limits over an entire range of ωλ studied.
Nonlinear Behavior Indices
Polymeric liquids exhibit a nonlinear viscoelastic behavior at large strain amplitudes where the Boltzmann superposition principle does not hold. Some material functions to describe quantitatively the degree of nonlinearity have been proposed during the past several decades.
As an early attempt for this purpose, Yen and McIntire [28] predicted the LAOS behavior of polymeric liquids using the BKZ model. They showed that the ratios, G'(γ 0 , ω)/G'(ω) and η'(γ 0 , ω)/η'(ω), are only slightly dependent on frequency and smallest near the frequency of ω=1/λ. Tee and Dealy [46] defined a nonlinear material function as a measure of nonlinearity, which is obtainable from stress versus rate-ofstrain loops by a simple graphical method. They showed that the nonlinearity is primarily a function of strain amplitude rather than frequency.
The degree of nonlinearity could also be described by the relationship between fundamental harmonic term and higher harmonic terms derived from the Fourier transform analysis [47, 48] . However, this method is not dealt with in this study since the higher harmonic terms could not be obtained from the strain-sweep experiment alone.
The values of n E and n V derived from equations (1) and (2) express the slopes of storage modulus and dynamic viscosity, respectively, in a nonlinear region. Therefore, the values of n E and n V determined from the empirical models proposed in this study can be used as the elastic and viscous nonlinear behavior indices representing the degree of nonlinear viscoelasticity. If the degree of nonlinearity is increased, the nonlinear behavior index will also be increased. Figure 5 and Figure 6 show the effect of ωλ on the nonlinear behavior indices n E and n V , respectively. From these figures, it is found that the nonlinear behavior indices are decreased with decreasing ωλ at lower range while they are nearly constant at higher range. The critical value at which the dependence of nonlinear behavior index on ωλ has changed is about ωλ≈1. These nonlinear behavior indices were predicted by a hyperbolic decay function. The regression results are plotted in Figure 5 and Figure 6 as solid lines. It is clear that the predicted data can exactly describe the nonlinear behavior indices over a whole range of ωλ studied.
Conclusion
Using an ARES, the dynamic viscoelastic behavior of aqueous PEO solutions with various molecular weights and different concentrations has been investigated in LAOS flow fields over a wide range of strain amplitudes. In this study, a new analysis method including a simple empirical model was proposed to predict the LAOS flow behavior of concentrated polymer systems in strain-sweep experiments. It was found that a new analysis method is very useful to estimate the LAOS flow behavior of viscoelastic polymer solutions with various molecular weights and different concentrations and that an empirical model suggested in this work is significant in 95% confidence level, and consequently predicts exactly the nonlinear viscoelastic behavior of polymeric liquids.
The strain limits of linear viscoelastic response and the nonlinear behavior indices were determined from the model parameters. The master curves of strain limits and nonlinear behavior indices were obtained by representing these data against the product of angular frequency by characteristic time, ωλ. From these master curves, the LAOS behavior of polymer solutions can well be predicted with various molecular weights and different concentrations.
The strain limits of linear viscoelastic response are increased with a decrease in ωλ at lower range than a critical value of ωλ≈1. However, the strain limits exhibit a constant value when ωλ becomes higher than this critical value. Such a behavior is well expressed by an inverse first order function.
The nonlinear behavior indices are decreased with a decrease in ωλ at lower range than a critical value of ωλ≈ 1 while they become nearly constant at higher range than this critical value. Such a trend is well described by a hyperbolic decay function. 
